We are undertaking a systematic study at Argonne National Laboratory to evaluate the uniaxial creep behavior of V-Cr-Ti alloys in a vacuum environment as a function of temperature in the range of 650-800°C and at applied stress levels of 75-380 MPa. Creep strain in the specimens is measured by a linear-variable-differential transducer, which is attached between the fixed and movable pull rods of the creep assembly. Strain is measured at sufficiently frequent intervals during testing to define the creep strain/time curve. A linear least-squares analysis function is used to ensure consistent extraction of minimum creep rate, onset of tertiary creep, and creep strain at the onset of tertiary creep. Creep test data, obtained at 650, 700, 725, and 800°C, showed power-law creep behavior. Extensive analysis of the tested specimens is conducted to establish hardness profiles, oxygen content, and microstructural characteristics. The data are also quantified by the Larson-Miller approach, and correlations are developed to relate time to rupture, onset of tertiary creep, times for 1 and 2% strain, exposure temperature, and applied stress.
Introduction
Refractory alloys based on V-Cr-Ti are being considered for use in first-wall structures in advanced blanket concepts that employ liquid Li as a coolant and breeding material. Furthermore, advanced concepts that use He as a coolant also require structural alloys, such as the V-Cr-Ti alloys, that can withstand thermal loading at high temperature. For the advanced fusion system design concepts, it is important to base the establishment of the upper temperature limits for structural components on various design criteria. At temperatures above 600°C, the time-dependent creep properties of V alloys must be considered when evaluating performance limits. Time-dependent allowable primary stress intensity is defined as
• Two-thirds of the minimum stress that corresponds to the average creep rupture time t at temperature T * Work supported by Office of Fusion Science, U.S. Department of Energy, under Contract W-31-109-Eng-38.
• 80% of the minimum stress that corresponds to time t and temperature T for onset of tertiary creep • Minimum stress necessary to cause a creep rate or a creep strain of some value (e.g., 1%
in 10,000 h or 5% creep strain) in time t and at temperature T.
Limited data on the creep and stress-rupture properties of unirradiated V and V-base alloys have been reported by Chung et al., 1 10 Results from these studies showed that alloying of V with up to 3 wt.%Ti produces a significant increase in creep strength, but that additional Ti concentrations cause a substantial decrease in creep resistance. Addition of up to 15 wt.% Cr to V-(3-5)Ti alloy also produces significant strengthening in creep, whereas addition of 1 wt.% Si to V-3 wt.% Ti causes a significant decrease in the creep strength of this alloy. The data reported in these studies indicate that the substitutional and interstitial element content of V-base alloys significantly affects the creep properties. Insufficient data are available on the reference composition of V-4 wt.%Cr-4 wt.%Ti, especially at temperatures above 650°C.
Long-term creep properties of the V-base alloys will be influenced by the time-dependent nucleation and growth of precipitates that involve nonmetallic elements such as O, N, and C. Several of the microstructural studies of V-base alloys have identified precipitates such as facecentered-cubic Ti(O, N, C) with variable O, N, and C ratios. It is essential to establish the timedependent evolution of type, number, and location of precipitates in V-base alloys to establish the creep mechanism(s) and to correlate the microstructural development with creep properties.
Experimental Procedure
The program discussed here involves experimental evaluation of the uniaxial creep properties of V-4Cr-4Ti alloy in a high-vacuum environment at temperatures of 650-800°C, with emphasis on baseline creep behavior of the alloy and on development of correlations among various creep properties. The test program is aimed at obtaining the steady-state creep rate, onset of tertiary creep, rupture strain, rupture life, and times for accumulation of 1 and 2% strain.
Flat creep specimens, 1 mm thick, were fabricated according to ASTM Standard E8-96a. Tests were conducted at 650, 700, 725, and 800°C on specimens annealed at 1000°C for 1 h in vacuum. The specimens were wrapped in Ti foil to minimize contamination of the sample, especially by O. The creep-test procedure was in accordance with ASTM E139-96. Creep strain in the specimen was measured by a linear-variable-differential transducer (LVDT), which was attached between the fixed and movable pull rods of the creep assembly. Displacements of 5 x calibrated by measuring its output for displacements that were set manually on a micrometer. The linear portion of the calibration curve was used to measure strain in a specimen during creep testing. The strain was measured at sufficiently frequent intervals during a test to define the creep strain/time curve.
A three-zone resistance-heated furnace was used in each testing machine to conduct creep tests at elevated temperatures. Chromel-Alumel thermocouples with small beads were used to measure specimen temperature; ceramic insulators were used on the thermocouples in the hot zone. In general, three thermocouples were fed through the specimen chamber, one spot-welded onto each end of the grips on the specimen near the shoulder region, the third, held in the vacuum environment adjacent to the gauge-length portion of the specimen. Temperature was maintained within 2°C of the desired value for each test. The specimens were loaded at a constant rate to full load at the test temperature. Figure 1 shows the creep strain/time plot for V-4Cr-4Ti alloy specimens that were tested in vacuum at 650 and 725°C. The data indicate that the primary creep period is negligible for all tests and the secondary (or linear) creep portion of the curve is small. The curves showed an accelerating creep behavior over the range of the present tests, especially at 725 and 800°C. The creep strain/time curves were analyzed with a linear least-squares analysis (LLSA) function to provide a consistent method to extract minimum creep rate, onset of tertiary creep, and creep strain at the onset of tertiary creep. Figure 2 shows an example of a typical LLSA applied to a creep strain/time curve. Data are listed in Table 1 for tests that were conducted in the program. To determine the extent of O contamination, if any, in the creep specimen, cross sections of the tested specimen were mounted and polished, after which Vickers hardness measurements were made along the thickness direction. Figure 4 shows the hardness profile for several specimens after testing at 725 and 800°C. In general, hardness values ranged from 145 to 195, and variation was negligible within a given specimen, indicating that the contamination was minimal and was confined to the near-surface region of the 1-mm-thick specimen used in the current study. Examination of the fracture surfaces showed a ductile mode of fracture in all tested specimens. The specimens tested at 800°C showed rupture strains of 30-61%, and thinning of the cross section in the fracture zone was significant. Several creep-tested specimens were mechanically polished to remove ≈50 µm layers; subsequently, they were analyzed for O and N by the vacuum fusion method. Results of the analysis (see Table 2 ) indicate negligible O and N enrichment of the specimens.
Results and Discussion
Because the temperature range used in the present creep tests encompasses the narrow range of 650-800°C and the stress levels employed at each temperature were such that the rupture time for the specimen will be <4000 h, only limited data are available to evaluate the possible mechanism for creep deformation. Furthermore, the data also indicate (in contrast with the face-centered-cubic materials) that the second stage or steady-state creep range for the V4Cr-4Ti alloys is confined to creep strains of 2-3% at all the tested temperatures. However, the influence of applied stress and temperature on the creep rate can be determined because the microstructural changes will be minimal over this narrow strain range of the second stage.
Inasmuch as creep involves a thermally activated process, the minimum creep rate can be expressed by
where σ is applied stress, n is the stress exponent, Q is activation energy for the creep mechanism, R is the universal gas constant, and T is absolute temperature. Because the temperature window for the data developed in this program is small and the anticipated microstructural changes in various test specimens will be minimal due to a small second-stage stain range, the apparent activation energy calculated from the data will depict the activation energy for the underlying creep mechanism. On this basis, data were used to calculate the stress dependence of the minimum creep rate and the stress exponent ranged between 3.8 and 4.0. Using the computed stress exponent, we calculated the temperature dependence of the minimum creep rate for the temperature range 650-800°C. Figure 5 shows the temperature dependence of the minimum creep rate, calculated at an applied stress level of 200 MPa. The slope of the line indicated an activation energy of 262 kJ/mole. This value is in agreement with the activation energy of 270 kJ/mole for self diffusion in pure V at 700-800°C. 11 At present, the data are not sufficient to develop the stress dependence of the activation energy.
The Larson-Miller-parameter approach was used to correlate time to rupture, exposure temperature, and applied stress. Similar correlations were developed for time to onset of tertiary creep and times for 1 or 2% strain accumulation. The Larson-Miller parameter is given by P = (T in °C + 273) [ 20 + log (t in h)] x 0.001, where t is time for rupture or to onset of tertiary creep or time for 1 or 2% strain accumulation.
The best-fit equations that relate the applied stress with Larson-Miller parameters for various creep parameters are Log σ (MPa) = -0.81177 + 0.41488 x P(t r ) -0.01219 x P(t r ) 2 Log σ (MPa) = 0.79355 + 0.30003 x P(t 3 ) -0.01043 x P(t 3 ) 2 Log σ (MPa) = 8.9903 -0.46601 x P(t 1% ) + 0.00729 x P(t 1% ) 2 Log σ (MPa) = 6.4342 -0.2228 x P(t 2% ) + 0.00168 x P(t 2% ) 2 , where P(t r ), P(t 3 ), P(t 1% ), and P(t 2% ) are the Larson-Miller parameters based on time (in h) to rupture and to onset of tertiary creep, for 1 and 2% strain, respectively. Figures 6a-d show the best-fit curves for the Larson-Miller correlation, along with the data from individual tests for time to rupture and time to onset of tertiary creep, and for 1 and 2% strain accumulation, respectively.
Summary
We have conducted a systematic study at Argonne National Laboratory to evaluate the uniaxial creep behavior of V-Cr-Ti alloys as a function of temperature in the range of 650-800°C and applied stress levels of 75-370 MPa in a vacuum environment. Creep strains were calculated from continuous measurements of displacement in specimens. A linear least-squares analysis function was used to provide a consistent method to extract minimum creep rate, onset of tertiary creep, and creep strain at the onset of tertiary creep. In the temperature range of 650-800°C, the creep deformation followed a power-law creep with a stress exponent of ≈4, and the activation energy calculated from the data was 262 kJ/mole, which is similar to the value for self diffusion in pure V. Microhardness profiles and postexposure O analysis of tested specimens showed minimal contamination by O during creep testing even over long times of ≈3,800 h at 725°C. The Larson-Miller approach was used to correlate several creep parameters with applied stress and test temperature. 
